The feasibility and design of an acoustic neutrino detection array in the South Pole ice depend on the acoustic properties of the ice. The South Pole Acoustic Test Setup (SPATS) was built to evaluate the acoustic characteristics of the ice in the 10 to 100 kHz frequency range. SPATS has been operating successfully since January 2007 and has been able to measure or constrain all parameters. Recent results including the absolute noise measurement of the South Pole ice, the SPATS sensor calibration, and the frequency dependence of attenuation length are presented.
Introduction
The detection of ultra-high energy neutrinos of extraterrestrial origin is a big challenge because of their low flux and small interaction cross-sections. To detect the cosmogenic or Greisen-Zatsepin-Kuzmin (GZK), neutrinos of energy 10 17−20 eV produced by ultra-high-energy cosmic rays interacting with the cosmic microwave background radiation, a detector with effective volume in the order of 100 km 3 is needed. Such a large volume is necessary since the estimated rate of GZK neutrino induced showers is on the order of 0.1 km −3 yr −1 [1, 2] .
The interactions of high enegy neutrinos in ice produce optical [3] , radio [4] , and acoustic radiation [5] , each of which therefore provides a possible method of detecting the neutrinos. Both radio and acoustic signals have attenuation lengths that are larger than in the optical signals [6] . While the optical method is well understood and calibrated with atmospheric neutrinos, the density of instrumentation required makes it prohibitively expensive to scale to a 100 km 3 detector size. The acoustic and radio methods, on the other hand, can in principle be used to instrument a large volume sparsely and achieve good sensitivity per cost in this energy range [8] . South Pole ice as a medium is predicted to be especially well suited for acoustic detection of extremely high-energy neutrinos [7] . To test the theoretical estimates, the South Pole Acoustic Test Setup (SPATS) was deployed at the South Pole. The main purpose of SPATS is to measure the acoustic attenuation length, sound speed profile, noise floor, and transient noise sources in situ at the South Pole. Measurement of these parameters will allow us to obtain a realistic sensitivity estimate for a possible future acoustic neutrino telescope in the Antarctic ice.
SPATS Array
The South Pole Acoustic Test Setup consists of four vertical strings that were deployed in the upper 500 meters of selected IceCube holes to form a trapezoidal array, with inter-string distances from 125 to 543 m [9] . Each string has 7 acoustic stages, each stage is comprised of a sensor and a transmitter. The transmitter module consists of a steel pressure vessel that houses a high-voltage pulse generator board and a temperature or pressure sensor. Triggered HV pulses are sent to the transmitter, a ring-shaped piezo-ceramic element that is cast in epoxy for electrical insulation and positioned 13 cm below the steel housing. The motivation of using ring-shaped piezo-ceramics is to obtain an azimuthally isotropic emission. The actual emission directivity of such an element was measured in the azimuthal and polar directions [10] . The sensor module has three channels, each 120
• apart in azimuth, to ensure good angular coverage. A retrievable pinger was also deployed in 13 water-filled IceCube holes: 6 holes were pinged in December 2007-January 2008 and 7 more holes were pinged using an improved pinger design; 4 A previous measurement, made by Weihaupt, at seismic (Hz) frequencies is shown for comparison [11] .
three well defined frequencies (30, 45, and 60 kHz) and deployed in three boreholes going down to 1000 m depth. The measured data is used to study the frequency dependence of the attenuation length, as well as the speed of sound on inclined paths.
Results

Sound speed
The speed of both pressure waves and shear waves are measured in the dense ice between 80 m and 500 m as a function of depth using the SPATS pinger setup [11] , and were found to be 3878 ± 12 m/s and 1975.8 ± 8.0 m/s, respectively. The resulting vertical sound speed gradient for both pressure and shear waves is consistent with no refraction between 200 and 500 m depth as shown in Fig. 1 . These results have encouraging implications for neutrino astronomy: the negligible refraction of acoustic waves deeper than 200 m indicates that neutrino direction and energy reconstruction, as well as separation from background events, could be done easily and accurately.
Properties of noise floor
The energy threshold for the detection of acoustic signals from ultra-high energy neutrino interactions depends strongly on the absolute noise level in the target material. SPATS has monitored the noise in Antarctic ice at the geographic South Pole for more than two years down to 500 m depth. The noise is very stable and Gaussian distributed as shown in Fig. 2 [12] . The resulting noise level for all operative SPATS channels is presented in ref. [12] . The contribution from electronic self-noise that has been measured in the laboratory prior to deployment is found to be 7 mPa. Subtracting this contribution quadratically from the measured mean noise level leads to an estimated mean noise level in South Polar ice of 20 mPa above 200 m and 14 mPa below 200 m integrated over the frequency range relevant for acoustic neutrino detection of 10 to 50 kHz. The origin and significance of the decrease in the noise level with depth remains unclear. One possible qualitative explanation for the observed depth dependence is a contribution of noise generated on the surface. Due to the gradient in the sound speed with depth [11] , all noise from the surface will be refracted back towards the surface, thus shielding deeper regions from surface noise.
Transient noise events
Using a threshold trigger mode for the active SPATS channels and offline coincidence window of 200 ms, corresponding to a pressure wave with the longest distance across the SPATS array of approximately 775 m, the vertex of transient events producing triggers on all four strings is reconstructed using an idealized global positioning system algorithm [12] . The horizontal positions of all reconstructed vertices are shown in Fig. 3 . SPATS registered acoustic pulse-like events in the IceCube detector volume and its vicinity. All sources of transient noise are well localized in space and have been identified as being man made; IceCube boreholes re-freezing after the deployment of the optical module produce cracking noise for a period of about 20 days. Rodriguez Wells, caverns melted in the ice at a depth of 50-100 m as a water source for IceCube drilling, also produce a cracking noise during refreezing. The acoustic signals from refreezing IceCube holes and from anthropogenic sources have been used to localize acoustic events. The absence of any transient events observed from locations other than known sources allows us to set a limit on the flux of ultra high energy (E ν > 10 20 eV) neutrinos. Fig. 4 shows the neutrino flux limit of the 2009 SPATS configuration (70 mPa threshold, ≥ 5 hits per event) compared to different neutrino flux limits [12] . 
Attenuation length
Measuring the attenuation length requires the comparison of signal amplitudes or energies after different propagation lengths through the ice. To achieve this, the 2008/2009 pinger was equiped with mechanical stabilizers, in order to keep the pinger close to the central axis of the hole. Centralization of the pinger minimized pulse to pulse variations caused by different signal transmission characteristics at the water-ice interface. The pinger emission rate was increased from 1 Hz (used in the previous season) to 10 Hz in order to improve the signal to noise ratio. unknown angular response, the attenuation length was determined with each sensor individually placing the sound source at different distances to the receiver, while trying to keep the same direction seen from the sensor. All methods consistently deliver an attenuation length of about 300 m with a 20% uncertainty [13] . These measurements observed a weak frequency dependence below 30 kHz. This result is in strong contradiction with the phenomenological model prediction of 9 ± 3 km with absorption as the dominant mechanism and negligible scattering on ice grains [7] . To investigate this discrepancy the pinger was modified for the 2009/2010 Pole season to allow us to measure the attenuation length at different frequencies from 30 kHz to 60 kHz. The result will help to discriminate between different contributing attenuation mechanisms: the scattering coefficient is expected to increase with f 4 while the absorption coefficient should be nearly frequency independent. The modified pinger was successfully deployed in three IceCube holes aligned with respect to the SPATS array at horizontal distances between 180 m and 820 m and delivered high quality data. Each waveform consists of six pulses, two sets of 3 pulses in a (30,45,60) kHz cycle. The energy contribution from the noise-subtracted waveform was calculated at each frequency in order to calculate the attenuation coefficient as explained in [13] . Fig. 5 shows the attenuation coefficient as obtained from the available horizontal pingersensor configuration at a frequency of 30 kHz. The data points scatter more than their error bars indicate, implying that there are additional systematic uncertainities, e.g. arising from local ice properties or the interface between the hole ice and the sensors. The error represents the spread between attenuation lengths measured with each sensor. The weighted mean for the attenuation length is 266 ± 27 m at 30 kHz and 300 ± 88 m at 45 kHz. The contribution of 60 kHz is not strong enough at large distances to calculate the attenuation length. The measured attenuation length at 30 and 45 kHz is independent of the frequency within the uncertainties. Because Rayleigh scattering depends on grain YASSER ABDOU, FOR THE ICECUBE COLLABORATION (SPATS) Figure 6 : Absolute sensitivity in ice for two different SPATS sensor-channels diameter and frequency, the measured attenuation length at the South Pole is not dominaned by scattering.
SPATS sensor calibration
The SPATS sensor calibration was performed in the Aachen Acoustic Laboratory (AAL) as a complement to the in-situ test at South Pole with SPATS [14] . Sensor absolute sensitivity was measured in water and in ice using reciprocity calibration [15] . For this method, no absolute calibrated receiver is needed as reference. Fig. 6 shows the absolute sensitivity for two different SPATS sensor-channels in ice.
CONCLUSIONS
The South Pole Acoustic Test Setup has been operated successfully since January 2007 and has been able to measure or constrain all South Pole acoustic ice parameters. We presented the latest results from SPATS including:
• The sound speed depth profile was measured in deep ice and found to be consistent with a constant sound speed below 200 m depth. Further analysis is underway including inclined paths. This will allow us to probe the fabric of the ice because the sound speed can vary from site to site due to the difference in the crystal grain orientation.
• The absolute noise at the South Pole is very stable and Gaussian distributed. The measurements of the absolute noise level allow us to put a threshold for a future acoustic neutrinos detector at South Pole which depends on the noise level.
• SPATS identified sources for the transient noise, acoustic pulse-like events, in the IceCube detector volume and its vicinity.
• The attenuation length including the recent multifrequency measurements is presented. The measurements do not show a strong depth dependency. The attenuation length, which seems not to depend on scattering, has been found to be about 300 m. This is less than expected from theory. However, for 10 18 eV neutrinos, the typical distance over which they can be detected is reduced only by a factor of about 2.
• A SPATS sensor has been absolutely calibrated by the reprocity method in ice.
SPATS is continuing to take data. An upgrade of the DAQ software to read out all sensor channels simultaneously and to form a multiplicity trigger online, will increase the detector sensitivity. SPATS results show that the acoustic detection techique represents a promising tool to build a large hybrid (acoustic/radio) neutrino telescope in the South Pole ice. Individual hits from an acoustic array operated synchronously with a radio array could still be valuable. The coincidence between radio and acoustic hits could provide much-needed confirmation about the direction and energy reconstruction of the events.
ACKNOWLEDGMENT 1 Introduction
After first being discovered in the late 1960s [1] , radio emission of air showers has again received increasing interest in the past years. This is mainly due to the achievements in information technology, which open the possibility to 5 use phased arrays of radio antennas in combination with digital beam forming. Its main advantages are low cost and simple design of the radio antennas as compared to classical air shower detector elements (such as scintillators or photomultipliers) and the very large field of view provided by the phased array (usually close to 2π sr). A first proof of this technology has been provided by the LOPES experiment [2, 3] , a prototype setup for LOFAR -a multi-site, multi-purpose radio telescope spanning half of Europe. Radio technology is today also being developed as an exten-sion at many existing air shower experiments (KASCADEGrande, Pierre Auger Observatory, Tunka, . . .).
In this paper, we will first outline the physics motivation for an extension of the IceCube observatory with an extended O(10) km 2 radio array, then describe the current prepara-20 tory measurements, and finally outline a roadmap towards a prototype experiment at the South Pole: RASTA (Radio Air Shower Test Array), that will allow us to fully quantify the physics potential of a large scale radio extension for the IceCube observatory.
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Physics Motivation
The all particle energy spectrum of cosmic rays follows a simple power law with two prominent changes in spectral index: a steepening at ∼ 4 PeV, called the "knee" followed by a flattening at a few times 10 18 eV, termed the "ankle".
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The knee is believed to result from the cut-off in protons from galactic sources, while the region between knee and ankle would represent the dying out of heavier elements from galactic accelerators and the transition to an extragalactic component at the ankle. However, the chemical 35 composition of cosmic rays in this energy range is not well constrained, yet. The composition is derived from the properties of cosmic ray induced extensive air showers. The two quantities sensitive to composition usually used are the depth of the shower maximum in the atmosphere X max
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(and the width of the X max -distribution) and the electronto-muon ratio at ground level. The IceTop 1 km 2 air shower detector [4] , part of the IceCube observatory [5] located at the geographic South Pole, has an energy threshold of 300 TeV primary energy and can 45 measure up to ∼ 1 EeV where it becomes limited by statistics. We propose to enhance the IceCube observatory with a large area (O(10) km
2 ) antenna field on the surface, centered at IceTop, to detect radio emission from air showers in the MHz frequency band. The envisioned radio detec-50 tor is expected to have an energy threshold of O(10) PeV and its larger area will allow us to collect statistics up to higher primary energies, resulting in a significant overlap with the energy range accesible to the Pierre Auger Observatory. The range of cosmic ray primary energies covered 55 by the enhanced IceCube observatory will in particular allow for measurements in the transition region between knee and ankle of the cosmic ray spectrum and will enable systematic studies and cross calibration between IceTop, the radio detector, and the Pierre Auger Observatory.
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The IceCube observatory is a very well suited facility to study cosmic ray composition via the electron-to-muon ratio of air showers [6] . IceTop at the surface measures the charged particles at ground level while only high energy muons can penetrate through the Antarctic ice sheet and be measured in the deep in-ice detector. The radio signal gives an integral measurement of the electron component over the whole development of the air shower and the largest contributions are emitted in the shower maximum. The enhanced observatory would allow for three independent, co-70 incident measurements of air showers-charged particles at ground level, high energy muons in-ice, and the radio signal emitted over the whole shower development-thus improving the knowledge about the primary particle. Studies on cosmic ray composition can be performed in two 75 ways. First, for air showers where the muon bundle in the shower core penetrates the geometric volume of the IceCube in-ice detector, the amplitude of the radio signal on the surface can be used to estimate the electron number of the shower and thus its energy, while the muon number can 80 be estimated from the in-ice signal. With this method a zenith range up to 60
• can be covered with a radio array reaching out 3 km from the centre of IceTop. Second, the lateral distribution function of the radio signal is expected to be a composition sensitive variable [7, 8] which would 85 allow for radio-only composition studies, largely increasing the aperture of the detector since no geometric overlap of the events geometry with IceCube is required. The first method described above would also allow us to explicitly search for UHE photons which manifest themselves as 90 electromagnetic showers with no, or a very small, muon component in the deep in-ice detector. Further, the increased area of the surface detector can be used as a veto against air shower muon bundles in the deep in-ice detector which are the main background channel 95 in EHE neutrino searches in IceCube [9] , increasing IceCube's sensitivity to horizontal and down-going high energy neutrinos. An estimate shows that the sensitivity to cosmogenic neutrinos can be increased by a factor of more than three using a radio array extending 3 km around the 100 centre of IceTop [10] . To proof the technical feasibility of such a large area radio detector and to quantify the physics potential more precisely the installation of the RASTA test setup is proposed (cf. Sec. 4). In parallel, to study the physics potential of 105 the envisaged radio detector, a detector simulation chain based on CORSIKA [11] simulations, the air shower ra- dio emission code REAS3 [12] , and the IceCube detector simulation software has been developed. This simulation chain allows for the uniform treatment of all three detec-110 tor components and is currently used to study the energy threshold and composition sensitivity of different detector configurations. For simulations, a radial geometry reaching out to 4.5 km radius has been chosen for the antenna array, comprising a total of 1110 antennas. Since showers with 115 their axis intersecting the geometric volume of the in-ice detector are most promising, the spacing between antennas increases from 80 m in the centre to 800 m at the outer circumference, taking into account the increasing zenith angle of these "golden events". A typical simulated event, 120 induced by a 10 PeV primary proton, is shown in Fig. 1 together with part of the simulated antenna array and the lateral distribution of the radio signal amplitude. The muon bundle from this air shower generated a signal in 571 optical modules of the deep IceCube detector. 
Preparatory Measurements
One important ingredient for the simulation of a radio detector and the estimation of its sensitivity is the knowledge of the electromagnetic background conditions at South Pole station. This includes both, the continuous back- parameterization of the expected galactic noise (from [15] ) and thermal noise folded with the ARA system response are shown. The antenna response has been simulated using NEC4 [16] . The data are well described by a superposition of galactic and thermal noise. The cut-off at ∼ 30 MHz 160 is suspected to be due to unaccounted features in the ARA system response. The surface antennas have been deployed in air in a trench which will we be snowed in during the year. This will allow us to study the difference in the antennas response on 
Roadmap
Considering the restricted deployment cycle due to the remote location, a staged proposal spanning three years has been made. In the first year we will aim towards unambiguously establishing the detection of air showers above the , each of these clusters will detect ∼ 8 events per day. Even allowing for considerable inefficiencies (e.g. due to anthropogenic backgrounds), some 10 3 events will be accumulated per year.
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In the second and third seasons all of the key technologies that are required for a several-km 2 array should be employed. This will also allow us to demonstrate the scalability of the approach. With a significantly larger number of antennas on an enlarged footprint, this second stage will 210 collect a data sample large enough to allow detailed verification of the array performance and shower reconstruction. 
Conclusions and Outlook
A large area surface radio detector is a promising enhance-220 ment for the IceCube observatory to study the composition of cosmic rays in the transition region from the knee to the ankle and improve IceCube's sensitivity to UHE neutrinos. A full detector simulation chain based on REAS3 has been developed and different detector configuration and their 225 physics potential are presently studied. In-situ measurements of electromagnetic interference show promisingly low noise levels. A path towards RASTA, a full test setup to demonstrate the viability of a full detector, has been presented. 
Introduction
The concept of high energy neutrino radio frequency detector buried in ice at shallow depths or deployed as a surface array was suggested nearly 30 years ago [1] . The RICE [2] array and the ANITA experiment [3] are already taking advantage of the Askaryan effect and the massive volume of ice in Antarctica for neutrino detection by looking for the coherent radio Cherenkov emission from charge asymmetry in high-energy neutrinos cascades. Future experiments include ARIANNA [4] , a surface array on the Ross Ice Shelf, and ARA [5] , an in-ice array at shallow depths near the South Pole. Our unique access to IceCube's deep and wide holes have provided us with an opportunity for deploying radio frequency (RF) detectors in the deep Polar ice. These detectors use the communication and time calibration systems developed for IceCube and rely on the experience within the IceCube Collaboration for developing hardware and software and for building and deploying highly-sensitive equipment in the extreme South Pole environment as well as on radio technology expertise from the RICE and ANITA Collaborations. IceCube's deep holes and well-established data handling system provide a unique opportunity for deep-ice RF detection studies.
Hardware description
Full digitization detectors
IceCube's radio extension modules, consisting of several radio frequency (RF) detectors as well as calibration equipment, were installed on IceCube strings during the austral summers between 2006 and 2010 at depths of 5 to 1400 m. Each radio module was installed directly above IceCube's digital optical modules (DOMs). The RF components were mechanically attached to the ∼ 3 km-long IceCube main cable (a 5-cm-diameter cable bundle for communication and power) which simply served as a mechanical support; some of the modules, however, were tapped into one of the auxiliary twisted-pairs within the main cable designed for specialized device operations. The main cable, being a massive conducting object, can shadow the RF antennas. During the first two seasons five detectors capable of full waveform (WF) digitization were deployed. These so called "clusters" consist of four receiving channels equally spaced over ∼ 40 m along the IceCube cable, a transmitting channel and a central electronics module. Each receiver channel consists of a broadband dipole antenna (with the gain centered at ∼ 400 MHz in air and ∼ 250 MHz in ice), and a set of front-end electronics (housed in a metal tube), including filters (450 MHz notch filter for rejecting constant interference from the South Pole communica-tion channel, and 200 MHz high-pass filter) and amplifiers (∼ 50 dB low-noise amplifier). An additional ∼ 20 dB amplification is done at a later stage within the electronic module for a total amplification of ∼ 70 dB. A schematic of the 2006-2007 cluster is shown in Figure 1 . Three clusters were deployed at depth of ∼ 300 m , and two at ∼ 1400 m. A detailed description of the electronics installed inside the DRM can be found elsewhere [6, 7] .
Transient detectors
The idea of using an array of simple transient sensors to image the unique spatiotemporal signature of neutrino interactions in Antarctic ice was proposed by Gusev and Zheleznykh nearly thirty years ago [1] . In this type of detector system, the pattern of coincident hits among a large number of sensors provides event confirmation, indication of direction and energy, and information for rejecting sporadic noise on the basis of time-of-arrival and amplitude. Six units of transient-prototype-detector were deployed in the 2009-2010 season. Each unit consists of a discone wide-band omni-directional antenna feeding into a Transient Detector Assembly (TDA), an exploratory device, whose block diagram is shown in Figure 1 . Each unit is read out using a control motherboard (MB) developed for the IceCube DOM [8] . The IceCube cable and calibration system also facilitates timing calibration and data handling. The units were deployed in pairs above three IceCube strings, with one unit at z = −5 m and the other at z = −35 m. The Local Coincidence (LC) capabilities of the IceCube MB are also exploited; when LC is enabled, each TDA pair reads out data only if both units in the pair are triggered in some adjustable time window. The risetime of the output pulse from these units is on the order of 10-20 ns and is largely independent of amplitude. 
Ice Properties
The properties of ice at radio frequencies determine the feasibility and design of future GZK neutrino detectors. Specifically, the attenuation length affects the spacing between channels and the effective detector volume, whereas uncertainties in the index of refraction determine the reconstruction capabilities and simulation quality.
Attenuation Length
The attenuation length λ is the distance over which the signal amplitude diminishes by a factor of e due to absorption and/or scattering. In general, λ varies with the density and temperature of a medium and with the frequency of the radiation. In South Pole ice, the density and temperature vary with the depth z, and so the attenuation length is also a function of depth. The previous in-ice RF attenuation data from the South Pole were obtained by sending signals down into the ice using a surface transmitter and recording the signals reflected from the bedrock below. This measurement provided an average RF attenuation over the round-trip, weighted by the temperature profile along the path [9] . The IceCube Radio Extension provides us with the first opportunity to make a point-to-point attenuation measurement independent of the unknown bedrock reflection coefficient. Of 20 available receiver channels, we use the 6 which have similar amplifiers and electronics. Our sources are RICE antennas which transmit signals from a pulser operated in an on-site lab. The pulse power can be varied by inserting attenuators in the line. The transmitting antennas are similar to the receiving antennas and are located at var-ious depths down to 220 m, and up to ∼ 1400 m away from the receivers (see Figure 2) . The simplest possible relative attenuation measurement would involve broadcasting a signal and measuring the relative power received by antennas at different distances from the transmitter. However, IceCube Radio Extension digitizers have insufficient dynamic range for this approach. Thus, we instead vary the transmitter power, measuring the values which yield the same power at different receivers. The differences between these values are ∆L total , the total receiver-receiver difference in losses. We assume that (in a logarithmic scale) ∆L total = ∆L dipole (θ) + ∆L free space ( r, n(z)) + ∆L attenuation ( r, λ). We use a standard dipole pattern for transmitters and receivers: I(θ) = (3/8π)I 0 sin 2 (θ). The free space losses, which for uniform index of refraction would give the inverse square law, are calculated using ray tracing simulation. After obtaining ∆L total from measurement and ∆L dipole and ∆L free space from simulation, we can calculate the path-averaged attenuation length λ : ∆L attenuation = 10 log 10 e −2∆r/ λ . Figure 3 shows the measurement of pulses from a RICE transmitter. Deep receiver channels show a linear response. Shallow receiver channels have a flatter response for higher power due to saturation; however, for sufficient transmitter attenuation, they also have a linear response. A linear fit with a slope of −1 is done for the linear region on each curve. The difference between the x-intercepts for any pair of fits is equal to ∆L total for that antenna pair. To date, sufficient data has been taken only with one of RICE transmitters. Preliminary values obtained from this data for λ range from 400 to 700 meters. These numbers are somewhat lower than past results [9] ; however, preliminary systematic error estimates suggest that these results will not be inconsistent with each other. This measurement is ongoing. Our simulation of the effects of reflection and shadowing by an IceCube cable in the vicinity of a broadband dipole antenna is not yet complete.
Other remaining work includes estimating other systematics such as receiver gain uncertainties; taking data with additional transmitters; and combining results for λ with existing density and temperature measurements to obtain a model for λ(z).
Index of refraction
Uncertainties in index of refraction lead to uncertainties of the order of a few ns in the time difference measured between two receivers a few meters apart (geometrydependent); therefore, a precise knowledge of index of refraction is necessary for a sub-ns-resolution detector. The latest index of refraction measurement at the South Pole reported in [10] combines results using the RICE array down to 150 m and ice cores down to 240 m. The model used is of the form n(z) = n deep + (n shallow − n deep )e nc·z , where n c ≈ −0.0132 m −1 , n deep ≈ 1.78, and n shallow ≈ 1.35. The changing index of refraction causes rays to curve in the ice layers, especially in the soft ice layers on top of the glacier (firn), and decreases the angular acceptance of shallow-deployed detectors by causing total reflection of rays propagating between the layers. When looking at possible paths connecting a transmitter and a receiver both in ice there will be either zero or two solutions (direct ray and reflected ray) to the ray-tracing problem. The reflection takes place at the ice-air boundary on the surface, as illustrated in Fig. 4A . The extremely shallow location of the TDA units makes them sensitive to small variations in the index of refraction model, especially to n shallow and n c . Five out of six TDA units were able to trigger on a calibration pulse transmitted by a calibration antenna from depth of −245 m. The sixth unit that did not see the pulser (Top antenna at hole 8) was in the shaded area where no solution exists. Limits on the ice model parameters can be set by measuring the trigger time differences between different units as well as the time differences between the direct and reflected ray. This is illustrated in Fig 4B where an average WF from a pulser run for the top and bottom detectors is shown. The expected time delay between the direct and reflected ray for the top antenna was calculated to be about 14 ns, and the direct and reflected peaks are not resolvable. For the bottom antenna the simulated time delay was about 137 ns, in good agreement with the measurement. Figure 5 shows preliminary constraints on n shallow and n c based on combined time differences measured between detectors. 
Environmental Noise
We have previously shown that timing of elevated noise rates coincided with the periods of winds stronger than ∼ 20 knots (see Figure 6 ). Since the South Pole is electrically insulated, electrostatic charge accumulates easily, leading to a discharge causing EMI. There are two possible mechanisms as to how electrostatic charge builds up in strong winds: "precipitation charging" [11] where blowing snow causes structures to charge up; and "snowstorm electrification" [12] , where charge separation occurs near the snow surface. A preliminary reconstruction study has pointed to an area around large structures in the Dark Sector as the origin of this interference. Preliminary studies with radio detectors away from the station have shown no such interference, supporting the assumption that the noise is originating from structures and not spotaneous charging of the ice. However, additional data are required since this analysis was preformed early in the austral winter, using limited statistics [5] . We were also sensitive to weather balloon launches, happening twice a day. Since this noise source is well defined in time and frequency, it will not be a problem for future detectors. 
Summary
IceCube's mature drilling and data acquisition technology have facilitated the deployment of the first fully digital radio test equipment in South Pole ice as well as deployment to greater depths in South Pole ice than was previously possible. Using the IceCube radio frequency extension, we have obtained tighter constraints on the index of refraction model parameters, and an attenuation length measurement is also underway. We have also been able to characterize and understand the RF noise environment at the Pole. This information will provide a valuable guide for the design of a future GZK neutrino detector.
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First
Step Towards A New Proton Decay Experiment In Ice (5), the lifetime of the proton is expected to be lower than 10 36 years. To reach 10 36 years sensitivity to proton decay requires a detector with a volume on the megaton scale sensitive to sub-GeV energy. Where and how such a detector might ever be realized remains an open challenge. Installation of massive detectors underground is presently a technological challenge with costly excavation, engineering and installation. We consider here the ice cap at the South Pole which might provide an alternative scenario for a megaton ring imaging Cherenkov experiment in the search for proton decay. The ice, studied by the IceCube Collaboration, is measured to be extremely pure and transparent. Further, IceCube has demonstrated the ability to instrument a detector volume at the gigaton scale on-schedule and on-budget. The 86 strings of IceCube photosensors provide sensitivity to particle interactions with energies between tens of GeV up to extremely high energies. Given the success of the IceCube project in instrumenting the world's largest Cherenkov neutrino detector, and the DeepCore sub-array to extend the reach to low-GeV physics, it seems reasonable to consider the question if the same principle of IceCube, using the Cherenkov medium as the detector support infrastructure, could provide a cost effective and simplified path to instrument megaton scale detectors with sufficient photocathode area to permit a viable proton decay experiment sensitive to 10 36 year lifetime and beyond. In this paper we present the very first steps of a developing design study for a proton decay detector to be potentially deployed in the center of IceCube-DeepCore, based on Geant4 and the IceCube software with realistic optical properties of the glacial ice.
The Search for Proton Decay
1
In Grand Unified Theories (GUTs), introduced by H. essary information to initiate a full design feasibility study.
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Dedicated software for the simulation of proton decay 104 events has been developed that combines Geant4 [11] , [12] 105 with a custom GPU-enabled simulation algorithm for pho- The goal to achieve a sub-GeV energy threshold inside the 
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The simulation tools we have introduced in this paper pro- 
